Cyclic nucleotide-gated (CNG) channels are a family of ion channels activated by the binding of cyclic nucleotides. Endogenous channels have been used to measure cyclic nucleotide signals in photoreceptor outer segments and olfactory cilia for decades. Here we have investigated the subcellular localization of cGMP signals by monitoring CNG channel activity in response to agonists that activate either particulate or soluble guanylyl cyclase. CNG channels were heterologously expressed in either human embryonic kidney (HEK)-293 cells that stably overexpress a particulate guanylyl cyclase (HEK-NPRA cells), or cultured vascular smooth muscle cells (VSMCs). Atrial natriuretic peptide (ANP) was used to activate the particulate guanylyl cyclase and the nitric oxide donor S-nitroso-nacetylpenicillamine (SNAP) was used to activate the soluble guanylyl cyclase. CNG channel activity was monitored by measuring Ca 2+ or Mn 2+ infl ux through the channels using the fl uorescent dye, fura-2. We found that in HEK-NPRA cells, ANP-induced increases in cGMP levels activated CNG channels in a dose-dependent manner (0.05-10 nM), whereas SNAP (0.01-100 μM) induced increases in cGMP levels triggered little or no activation of CNG channels (P < 0.01). After pretreatment with 100 μM 3-isobutyl-1-methylxanthine (IBMX), a nonspecifi c phosphodiesterase inhibitor, ANP-induced Mn 2+ infl ux through CNG channels was signifi cantly enhanced, while SNAP-induced Mn 2+ infl ux remained small. In contrast, we found that in the presence of IBMX, both 1 nM ANP and 100 μM SNAP triggered similar increases in total cGMP levels. We next sought to determine if cGMP signals are compartmentalized in VSMCs, which endogenously express particulate and soluble guanylyl cyclase. We found that 10 nM ANP induced activation of CNG channels more readily than 100 μM SNAP; whereas 100 μM SNAP triggered higher levels of total cellular cGMP accumulation. These results suggest that cGMP signals are spatially segregated within cells, and that the functional compartmentalization of cGMP signals may underlie the unique actions of ANP and nitric oxide.
I N T R O D U C T I O N
Natriuretic peptide receptors and soluble guanylyl cyclase (sGC) are activated by the binding of natriuretic peptides and nitric oxide (NO), respectively. In turn, these enzymes synthesize cGMP, the second messenger that is critically important to the maintenance of vascular tone, cardiac contractility, cardioprotective responses to ischemia, and cellular proliferation (Hartzell and Fischmeister, 1986; Ruskoaho et al., 1987; Waldman and Murad, 1988; Furchgott and Vanhoutte, 1989; Schulz et al., 1989; Ignarro et al., 1999; Hanafy et al., 2001; Rybalkin et al., 2003; Kuhn, 2004; Baxter, 2004; D'Souza et al., 2004; Costa et al., 2005) .
Increases in intracellular cGMP levels activate protein kinase G (PKG), which phosphorylates many downstream targets, including phospholamban (Li et al., 1996; Wollert et al., 2003; Zhang et al., 2005b) and mitochondrial K ATP channels (Costa et al., 2005) . cGMP also regulates phosphodiesterase activity in a type-specific manner, stimulating phosphodiesterase (PDE) types 2 and 5 while inhibiting PDE type 3 (Martins et al., 1982; Hartzell and Fischmeister, 1986; Beavo, 1995; Wyatt et al., 1998; Palmer and Maurice, 2000; Abi-Gerges et al., 2002) . There is also evidence suggesting that elevated levels of cAMP or cGMP increase expression of PDE, including specifi c isoforms of PDE type 5 (Giordano et al., 1999; Kotera et al., 1999; Lin et al., 2001) . Importantly, recent studies have shown that increases in cGMP levels triggered by natriuretic peptides and NO donors lead to regulation of different cellular targets (Zolle et al., 2000; Rho et al., 2002; Zhang et al., 2005a) . Similarly, exposure of HEK-NPRA cells to atrial natriuretic peptide (ANP) triggers the redistribution of PKG to the plasma membrane, but exposure to NO donors does not (Airhart et al., 2003) . What remains unclear are the mechanisms by which ANP and NO donors differentially regulate cellular processes.
One intriguing possibility is that cGMP signals are compartmentalized, or localized, to distinct regions of the cell. We have previously presented several lines of evidence suggesting that cAMP signals are compartmentalized, and that hindered diffusion, buffering, and PDE activity play critical roles in generating spatially and temporally distinct cAMP signals (Rich et al., 2000 (Rich et al., , 2001a Rich and Karpen, 2002) . These conclusions were based on four observations obtained using cyclic nucleotidegated (CNG) channels as real-time sensors for cAMP signals: (1) the cAMP concentration near the CNG channels was ‫-01ف‬fold higher than total cellular concentration, (2) cAMP signals measured using CNG channels were resistant to washout of the cytosol with the whole cell patch pipette, (3) the wash-in of cAMP from the patch pipette to CNG channels was slow, and (4) kinetically distinct cAMP signals coexist within the same cells. Based upon these results we developed a compartmental model to describe the spatial segregation of cyclic nucleotide signals within cells. One prediction of this model is that activation of particulate or soluble cyclase would give rise to spatially distinct cyclic nucleotide signals. Details of the model and simulations used for this prediction are included in the online supplemental material (available at http://www.jgp. org/cgi/content/full/jgp.200509403/DC1).
In the present study we test this prediction by examining the effi cacy with which CNG channels are activated by cGMP produced in response to stimulation of particulate or soluble guanylyl cyclase (pGC or sGC). We found that in both human embryonic kidney (HEK)-293 cells stably overexpressing natriuretic peptide receptor A (NPRA) (HEK-NPRA cells) and cultured vascular smooth muscle cells (VSMCs), stimulation with 1 or 10 nM ANP activated CNG channels far more readily than 100 μM S-nitroso-N-acetylpenicillamine (SNAP), an NO donor, even when cells were pretreated with 3-isobutyl-1-methylxanthine (IBMX), a nonspecifi c PDE inhibitor. We measured total cGMP levels in the same cells using enzyme immunoassays and found that following pretreatment with IBMX, there was either no signifi cant difference between ANP and SNAP-induced total cGMP accumulation (HEK-NPRA cells), or signifi cantly higher SNAP-induced total cGMP accumulation (VSMCs). These data strongly suggest that cGMP signals are functionally localized to different subcellular compartments, and also indicate that PDE activity may not be solely responsible for the localization of cGMP signals over a 5-min timescale.
M AT E R I A L S A N D M E T H O D S
Cell Culture and Channel Expression HEK-NPRA cells (Airhart et al., 2003) were maintained in Dulbecco's modifi ed Eagle's medium (DMEM) containing 10% (vol/vol) FBS, 400 μg/ml G418, 2 g/liter sodium bicarbonate, 100 μg/ml streptomycin, and 100 U/ml penicillin at 37°C in a humidifi ed atmosphere of 95% air, 5% CO 2 . Cells were plated at 20-30% confl uence, grown for 48 h, and then infected with a previously described adenovirus encoding the CNGA2 subunit, MOI = 10 pfu/cell (Fagan et al., 1999) . 6 h after infection, cells were serum starved in media containing 1% FBS and 1 mM hydroxyurea to inhibit viral replication. 24 h after infection, cells were detached with PBS containing 0.03% EDTA, resuspended in serum-free media buffered with 20 mM HEPES, pH 7.2, and assayed within 6 h.
Rat vascular smooth muscle cells were isolated and maintained as described previously (Ostrom et al., 2002; Zhang et al., 2003) . In brief, adult male Sprague-Dawley rats were killed with intraperitoneal pentobarbital sodium, the thoracic arteries were dissected, and endothelial layers were removed. The aortas were minced and digested with collagenase type I and elastase type V at 37°C. Cells were plated and maintained in DMEM containing 10% (vol/vol) FBS, 100 μg/ml streptomycin, and 100 U/ml penicillin, in a humidifi ed atmosphere of 95% air, 5% CO 2 . Passages 4-10 were used for the experiments described here; under our culture conditions cells from these passages maintained a contractile phenotype. Cells were plated at 50% confl uence onto laminin-coated coverslips and infected with adenovirus encoding the CNGA2 subunit, MOI = 100 pfu/cell, as described in Rich and Karpen (2005) . 6 h after infection, cells were washed with fresh media, and 48 h after infection, cells were assayed as described below.
Monitoring CNG Channel Activation in Cell Populations
To monitor the activation of CNG channels in cell populations, we measured Ca 2+ or Mn 2+ infl ux through the channels. In this assay, increases in intracellular cGMP (e.g., triggered by exposing cells to ANP) activate CNG channels, allowing the infl ux of cations, including Ca 2+ and Mn 2+ , through the channels. Intracellular Ca 2+ and Mn 2+ concentrations were monitored using the fl uorescent dye fura-2 (Molecular Probes). Details of the experimental procedure were described previously (Rich et al., 2001b) . In brief, cells were loaded with 8 μM fura-2/AM (3 × 10 6 cells/ml buffer). After 45 min, cells were washed three times and resuspended in an extracellular buffer containing (in mM) 145 NaCl, 4 KCl, 10 HEPES, 10 d-glucose, 1 MgCl 2 , 1 CaCl 2 , pH 7.35. In some experiments we monitored Mn 2+ infl ux through CNG channels by measuring Mn 2+ quench of fura-2 at an excitation wavelength of 360 nm (the isosbestic point for fura-2 at different Ca 2+ concentrations). In these experiments, cells were pelleted and resuspended in the extracellular buffer with 5 μM MnCl 2 immediately preceding the start of the assay. Data were acquired using either PTI DeltaScan or QuantaMaster spectrofl uorimeters. Fluorescence was monitored at excitation wavelengths of 360 and 380 nm and an emission wavelength of 510 nm. Data were sampled at either 5 or 0.5 Hz, fi ltered at 1 or 0.2 Hz, and expressed relative to the prestimulus fl uorescence (F 0 ) to correct for variations in dye concentration, and to allow for comparison of results on different batches of cells. To quantify the data, lines were fi t to the slopes of the change in fl uorescence over time (see Fig. 7 ). Compiled data are represented as the mean ± SEM, and significance was assessed using the Student's paired t test. Additions were made from stock solutions (with fi nal vehicle concentrations <0.2%) to a stirred cuvette (mixing time of ‫5ف‬ s); thus, after addition all agents were present throughout the assay. ANP, IBMX, and SNAP were purchased from Calbiochem. Unless otherwise stated, all other chemicals were purchased from Sigma-Aldrich. Data are representative of at least four experiments.
Monitoring CNG channel activation in single cells 48 h after infection, VSMCs were loaded with 8 μM fura2-AM for 90 min in the extracellular buffer described above. Coverslips were then mounted onto measurement chambers and continuously perfused with buffer. Cells were assayed at room temperature in a buffer containing (in mM) 145 NaCl, 4 KCl, 10 HEPES, 10 d-glucose, 1 MgCl 2 , 0.1 CaCl 2 , 0.005 MnCl 2 , 0.001 nimodipine, pH 7.35. To monitor CNG channel activation we measured Mn 2+ infl ux at an excitation wavelength of 360 nm and an emission wavelength of 510 nm using a high-resolution camera system. Cellular fl uorescence was defi ned by windows placed around individual cells, images and total intensities from each cell were acquired, and background fl uorescence was corrected on-line. Data were analyzed as described above.
Measurement of Total cGMP and cAMP Levels
Total cGMP and cAMP levels in HEK-NPRA and vascular smooth muscle cells were measured using either cGMP or cAMP binding assays (EIA Biotrak System, Amersham and Direct cAMP, Assay Designs). In brief, experiments were conducted either on cells attached to 12-well plates, or to cells in suspension, as indicated. For the experiments conducted on cells in suspension, CNG channel activity (Mn 2+ infl ux) was fi rst monitored as described above. Immediately following these measurements, cGMP accumulation was terminated by addition of HCl (0.1 N, fi nal concentration). Samples were neutralized with 1 N NaOH. In both sets of experiments cGMP accumulation was initiated using SNAP or ANP, and PDE activity was inhibited using IBMX as indicated. Sample cGMP and cAMP contents were calculated from standard curves. Under our experimental conditions, stimulation with ANP or SNAP and IBMX did not trigger signifi cant cAMP accumulation. To ensure that no signifi cant extrusion of cGMP occurred we measured both cellular and extruded cGMP from HEK-NPRA cells attached to 60-mm dishes. We found that under these experimental conditions <1% of the total cGMP was extruded from HEK-NPRA cells during a 5-min stimulation with 1 nM ANP or 100 μM SNAP. Data are represented as the mean ± SEM, performed in triplicate. Signifi cance was assessed using the Student's paired t test.
Online Supplemental Material
The online supplemental material (Figs. S1-S3, available at http://www.jgp.org/cgi/content/full/jgp.200509403/DC1) presents a mathematical model that predicts activation of either particulate or soluble guanylyl cyclase will give rise to spatially segregated cGMP signals.
R E S U LT S

CNG Channels Are Readily Activated by ANP-induced cGMP Signals
We fi rst wanted to determine if CNG channels would respond to increases in intracellular cGMP levels triggered by activation of NPRA. CNG channels composed of four CNGA2 subunits have a K 1/2 for cGMP of ‫2ف‬ μM and K 1/2 for cAMP of ‫04ف‬ μM (Dhallan et al., 1990) . We have found that functional CNG channels were expressed in >90% of HEK-293 cells when CNGA2 subunits were expressed using adenovirus constructs. These results were based on direct measurements of CNG channel activity made using excised patch or whole cell patch clamp confi gurations (Rich et al., 2000 ; Rich et al., 2001a,b) . In this study, activation of CNG channels was monitored in populations of HEK-NPRA cells by measuring changes in intracellular Ca 2+ levels using fura-2 (Frings et al., 1995; Rich et al., 2001b) . The experiments were conducted in cell populations (3 × 10 6 cells per cuvette) to ensure an appropriate comparison to the enzyme immunoassays for total cGMP levels discussed later. We observed that the addition of increasing concentrations of ANP (0.1-10 nM) led to dosedependent increases in intracellular Ca 2+ (Fig. 1 A) . Pretreatment of cells with the nonspecifi c PDE inhibitor IBMX (100 μM, 5 min) signifi cantly enhanced the ANP-induced responses (Fig. 1 B) . In control cells (not expressing CNG channels), no ANP-induced responses were observed, even following pretreatment with IBMX (Fig. 1, C and D) . In addition, stimulation with ANP or SNAP and IBMX did not trigger signifi cant cAMP accumulation as monitored with enzyme immunoassays or with CNG channels that are insensitive to cGMP (unpublished data). Thus, these data indicate that ANP-induced increases in intracellular cGMP trigger the activation of CNG channels, and subsequent Ca 2+ responses.
We next tested whether NO-induced activation of sGC and the subsequent increase in intracellular cGMP would trigger Ca 2+ responses in cells expressing CNG channels. Addition of 100 μM SNAP (a supersaturating concentration), an NO donor, either had no effect or triggered a small change in intracellular Ca 2+ in CNG channel-expressing cells ( Fig. 2 A) ; yet, ANP induced substantial increases in intracellular Ca 2+ in the same CNG channel-expressing cells (Fig. 2 B) . Little or no response was observed in control cells (unpublished data). These data indicate that cells were responsive to changes in cGMP levels near the plasma membrane. In separate experiments we used enzyme immunoassays to assess total cGMP production in HEK-NPRA cells attached to 12-well plates. We found that in response to a 5-min exposure to 1 nM ANP or 100 μM SNAP, cGMP levels were approximately sixfold greater than basal cGMP levels (Fig. 3) . After a 5-min pretreatment with 100 μM IBMX, 5-min exposure to either 1 nM ANP or 100 μM SNAP triggered an ‫-01ف‬fold increase in cGMP levels. In these experiments <1% of the total cGMP was extruded from cells (unpublished data). Also, stimulation with ANP or SNAP and IBMX did not trigger signifi cant cAMP accumulation (unpublished data). Similar results were found using cells in suspension. Thus, both ANP and SNAP triggered similar levels of total cGMP production.
Observed Responses Were Primarily due to Cation Infl ux through CNG Channels
We were surprised to fi nd that exposure of cells to 100 μM SNAP did not trigger activation of CNG channels Both ANP and SNAP trigger signifi cant increases in intracellular cGMP. Intracellular cGMP was measured in HEK-NPRA cells as described in Materials and Methods. Cells were treated for 5 min with 1 nM ANP, 100 μM SNAP, or pretreated with 100 μM IBMX for 5 min followed by 5 min with 1 nM ANP or 100 μM SNAP, as indicated. It is apparent that both ANP and SNAP trigger signifi cant accumulation of intracellular cGMP, and that cGMP accumulation is potentiated by exposure to IBMX. Less than 1% of the total cGMP was extruded under these conditions (not depicted). These data are the average ± SEM of three experiments done in triplicate.
because previous studies have provided evidence indicating that NO-generating compounds open CNG channels by S-nitrosylation of a cysteine residue (Broillet, 2000) . Thus, we wanted to make certain that ANP had triggered signifi cant activation of CNG channels and that SNAP had not. For example, it seemed possible that exposing cells to ANP or SNAP could have regulated Ca 2+ handling properties, either augmenting ANP-induced responses (e.g., inhibiting Ca 2+ pumps or triggering release from intracellular stores), or inhibiting SNAP-induced responses (e.g., stimulating Ca 2+ pumps). It was also possible that Ca 2+ infl ux through CNG channels led to Ca 2+ -induced Ca 2+ release (CICR), contributing to the observed Ca 2+ responses, although we did not observe CICR in our previous studies using CNG channels to monitor cAMP signals in HEK-293 cells (Rich et al., 2001a,b) . To ensure that altered Ca 2+ handling properties of the cells did not contribute to the observed responses, we used a different experimental approach. We found that Mn 2+ permeates through CNG channels, and were able to monitor Mn 2+ infl ux through CNG channels by measuring Mn 2+ quench of fura-2 at an excitation wavelength of 360 nm (the isosbestic point for fura-2 at different Ca 2+ concentrations). Given the low extracellular concentrations of Mn 2+ used in this study (5 μM), and the high Mn 2+ affi nity of fura-2, ‫8.2ف‬ nM (Kwan and Putney, 1990) , it is unlikely that changes in free intracellular Mn 2+ signifi cantly altered guanylyl cyclase activity. Importantly, this approach allows the measurement of Mn 2+ infl ux largely independent of changes in intracellular Ca 2+ levels. With no Mn 2+ in the extracellular solution, we observed a large ANP-induced response at an excitation wavelength of 380 nm (Ca 2+ -sensitive signal) and no response at 360 nm (Ca 2+ -insensitive signal) (Fig. 4 A) . With 5 μM Mn 2+ in the extracellular solution, we observed ANP-induced responses at both wavelengths (Fig. 4 B) . The responses at both excitation frequencies were potentiated following pretreatment with 100 μM IBMX (unpublished data). No responses were observed at either wavelength in control cells (cells not expressing CNG channels, Fig. 4, C and D) . These data indicate that ANP-induced increases in intracellular cGMP activate CNG channels, allowing the infl ux of cations, and that the primary cause of the ANP-induced increases in intracellular Ca 2+ is infl ux though CNG channels.
To ensure that exposure of cells to 100 μM SNAP had not inhibited or desensitized CNG channel activity (either directly or via an unknown cellular mechanism), we monitored Mn 2+ infl ux through CNG channels in response to ANP (0.1-10 nM) with and without 1 min pretreatment with 100 μM SNAP (Fig. 5, A and B) . The dose dependence, time course, and magnitude of the ANP-induced responses were similar, indicating that after exposure to SNAP, CNG channel activity remained largely intact.
Spatial Segregation of cGMP Signals Produced by Particulate and Soluble Guanylyl Cyclase
To help elucidate whether ANP-induced cGMP signals do indeed activate CNG channels more readily than SNAP-induced signals, we compared the relative activation of CNG channels to total cGMP production in the same cells (see Materials and Methods). We used this approach to ensure that cells were treated in exactly the same manner for each assay (measurement of CNG channel activation and enzyme immunoassay). We observed that addition of 100 μM SNAP did not trigger Mn 2+ infl ux whereas 1 nM ANP triggered signifi cant infl ux (Fig. 6, A and B) . In this experiment, pretreatment with 100 μM IBMX signifi cantly increased ANP-induced Mn 2+ infl ux, but not the SNAP-induced response (Fig. 6 , C and D). 5 min after the addition of either ANP or SNAP we stopped the reactions and subsequently measured total cGMP levels using enzyme immunoassays (Fig. 6 E) . Interestingly, following pretreatment with IBMX, similar total amounts of cGMP were produced by addition of ANP or SNAP, although the addition of SNAP was much less effective at activating CNG channels.
We quantifi ed the Mn 2+ infl ux data by fi tting a line to the slope of the fl uorescence quench (Fig. 7 A, inset) . This slope is a measure of CNG channel activity. The responses to both 1 nM ANP alone and 100 μM IBMX followed by 1 nM ANP were signifi cantly larger than the response to 100 μM IBMX followed by 100 μM SNAP (Student's paired t test, four experiments, Fig. 7 A) . In the same four experiments, total cGMP levels triggered by 1 nM ANP alone, 100 μM IBMX followed by 1 nM ANP, and 100 μM IBMX followed by 100 μM SNAP were not statistically different (Fig. 7 B) . These data indicate that even in the presence of PDE inhibitors, cGMP signals triggered by SNAP are less effective at activating CNG channels than cGMP signals triggered by ANP.
cGMP Signals Are Spatially Segregated in Vascular Smooth Muscle Cells
While the data presented thus far clearly indicate that cGMP signals are compartmentalized in HEK-NPRA cells, we wanted to determine if cGMP signals are also compartmentalized in a cell type that expresses endogenous particulate and soluble guanylyl cyclase. We chose cultured rat VSMCs because they endogenously express both cyclase types, they are readily cultured so that we could repeat the experiments described above, as well as monitor CNG channel activation in single cells, and cGMP signaling is critically important to their physiology (Waldman and Murad, 1988; Potter et al., 2005) . Initially we monitored CNG channel activation by measuring Mn 2+ infl ux in populations of VSMCs (3 × 10 6 cells per cuvette), as described in the Materials and Methods. In these experiments 1 μM nimodipine was added at 0 s to inhibit voltage-gated Ca 2+ channels. We found that 10 nM ANP triggered the activation of CNG channels, whereas 100 μM SNAP did not (Fig. 8, A and B) . ANP concentrations are again indicated at right. These data suggest that the inability of cGMP generated by sGC to activate CNG channels is not due to a SNAP-induced inhibition of CNG channels.
Exposure of CNG channel-expressing cells to 100 μM IBMX triggered a small increase in the rate of Mn 2+ infl ux (Fig. 8, C and D) . Subsequent addition of 10 nM ANP signifi cantly increased the rate of Mn 2+ infl ux ( Fig. 8 C) ; subsequent addition of 100 μM SNAP did not (Fig. 8 D) . To quantify the level of CNG channel activation, we fi t lines to the fl uorescence quench as described above. We found that in the absence or presence of 100 μM IBMX, 10 nM ANP triggered signifi cantly more Mn 2+ infl ux that 100 μM IBMX and 100 μM SNAP (Student's paired t test, four experiments, Fig. 9 A) . At the end of each run, we stopped the reaction and measured total cGMP levels using enzyme immunoassays. We found that 100 μM SNAP triggered higher levels of total cGMP accumulation than 10 nM ANP (Student's paired t test, four experiments, Fig. 9 B) , yet SNAP-induced cGMP accumulation was unable to signifi cantly activate CNG channels in these cells.
To ensure that exposure of VSMCs to 100 μM SNAP had not inhibited or desensitized CNG channel activity, we monitored Mn 2+ infl ux through CNG channels in response to 10 nM ANP with and without 5 min pretreatment with 100 μM SNAP. The time course and magnitude of the ANP-induced responses were similar (unpublished data), indicating that after exposure to SNAP, CNG channel activity also remained intact in these cells. Little or no response was observed in control VSMCs (not expressing CNG channels; unpublished data).
We next monitored the activation of CNG channels in single VSMCs (see Materials and Methods). Fig. 10 shows the average response of CNG channel-expressing VSMCs to 10 nM ANP (Fig. 10 A, nine experiments) or 100 μM SNAP (Fig. 10 B, 14 experiments) . It is clear that exposure to 10 nM ANP triggered signifi cant activation of CNG channels, whereas exposure to 100 μM SNAP did not. Cells exposed to SNAP were subsequently exposed to 10 nM ANP to ensure that they were expressing CNG channels (unpublished data). Little or no response was observed in control cells (unpublished data). Taken together, these data strongly indicate that cGMP signals are compartmentalized in VSMCs.
D I S C U S S I O N
The goal of this study was to determine if cGMP signals generated by particulate and soluble guanylyl cyclase are equally effi cacious in activating CNG channels. To accomplish this we used CNG channels composed of (E) At the end of each experiment (5 min after addition of either SNAP or ANP) the reaction was stopped and the total cGMP was measured using enzyme immunoassays (see Materials and Methods for details). Importantly, similar levels of total cGMP were observed in cells treated with either 100 μM IBMX + 100 μM SNAP or 100 μM IBMX + 1 nM ANP.
adenovirus-expressed rat olfactory α (CNGA2) subunits to monitor cGMP levels near the plasma membrane of HEK-NPRA and cultured vascular smooth muscle cells. We found that under conditions in which SNAP triggered similar (HEK-NPRA cells) or larger (VSMCs) increases in total cGMP levels than ANP, ANP-induced cGMP signals more readily activated CNG channels. These data are consistent with the mathematical model of compartmentalized cGMP signals described in the online supplemental material (available at http:// www.jgp.org/cgi/content/full/jgp.200509403/DC1). This model also predicted that cGMP signals would be effectively compartmentalized in the presence of 100 μM IBMX, again consistent with the data presented here. However, residual PDE activity may have contributed to the localization of cGMP responses because IBMX is a competitive inhibitor, and PDE types that are insensitive to IBMX (Soderling et al., 1998) may have been present.
Given the differential effects of PDE inhibitors on near-membrane and total cGMP accumulation (especially in HEK-NPRA cells, see Fig. 7 B) , and that the cGMP concentration near the CNG channels was low (<K m of PDE types 1 or 5, the PDEs responsible for the majority of cGMP hydrolysis in cultured rat VSMCs), it is likely that mechanisms other than residual PDE activity also contributed to the observed segregation of cGMP signals. This indicates that different levels of PDE activity may be responsible for hydrolysis of cGMP signals, and that ANP-induced signals may be somehow protected from the PDE activity that hydrolyzes SNAPinduced signals. Different levels of PDE activity may be due to the presence of distinct PDE types, differential regulation of PDEs, or different PDE concentrations within different subcellular compartments.
What Mechanisms Underlie the Compartmentalization of cGMP Signals?
If PDE activity is not solely responsible for the segregation of cGMP signals, other cellular mechanisms must be involved. Buffering of cAMP and cGMP by protein kinases A and G (PKA and PKG) undoubtedly contributes to the slow spatial spread of cyclic nucleotide signals (Beavo et al., 1974; Rich and Karpen, 2002; Kotera et al., 2003) . In particular, subcellular localization of PKA via AKAPs and ligand-dependent association of PKG and NPRA create nonuniform distributions of PKA and PKG within the cells (Gray et al., 1998; Airhart et al., 2003) . Structural barriers near the plasma membrane may also contribute to the localization of intracellular signals. For example, there is evidence that ER or SR comes into close apposition to the plasma membrane, and that this may limit the spatial spread of Ca 2+ and Na + in hair cells (Martin and Fuchs, 1992) , arterial smooth muscle cells (Arnon et al., 2000) , and cardiac myocytes (Bridge et al., 1990; Leblanc and Hume, 1990; Lederer et al., 1990) . Such physical barriers would also restrict the spatial spread of larger molecules, including cAMP and cGMP. It is possible that the ER coming in close apposition to the surface membrane contributes to the diffusional restrictions in other cell types (Rich et al., 2000 (Rich et al., , 2001a . Other structural elements that may also contribute to restricted diffusion are cytoskeleton, dendritic and "mini" spines, and recycled vesicles. Quantitative studies will be required to understand the To quantify the relative levels of CNG chan nel activation from different experiments, we fi t the slope of the fl uorescence quench traces with a line using the least squared error criteria (inset). The data clearly indicate that CNG channels are more readily activated in response to either 1 nM ANP or 100 μM IBMX + 1 nM ANP than to 100 μM IBMX + 100 μM SNAP (P < 0.05 and 0.01, respectively, four experi ments). (B) Averaged total cGMP levels measured using enzyme immunoassays from the same four experiments. The total cGMP levels in response to 100 μM IBMX + 1 nM ANP and 100 μM IBMX + 100 μM SNAP are both similar. These data indicate that CNG channels respond more readily to ANP-induced cGMP signals than to SNAP-induced cGMP signals, and that there is a functional colocalization of CNG channels with NPRA. extent to which buffering, PDE activity, and structural barriers contribute to localized signals.
Our previous work demonstrates that two-dimensional colocalization within the plasma membrane is not suffi cient for the localized activation of CNG channels by adenylyl or guanylyl cyclase (Rich et al., 2000) . However, both cyclase and CNG channels must be present within a given compartment for localized signaling to occur. The results presented here indicate that CNG channels colocalize with particulate guanylyl cyclase 4) . The data clearly show that 100 μM SNAP did not signifi cantly activate CNG channels, even in the presence of 100 μM IBMX. Conversely, 10 nM ANP triggered activation of the channels either in the absence or presence of IBMX. (B) Total cGMP levels measured in the same cells using enzyme immunoassays. Treatment of VSMCs with 100 μM IBMX triggered only small increases in cGMP levels. 100 μM SNAP triggered substantial increases in cGMP. In the presence of 100 μM IBMX, 100 μM SNAP triggered the accumulation of signifi cantly more total cGMP than 10 nM ANP (P < 0.05). These data indicate that cGMP accumulation triggered by ANP is far more effective in activating CNG channels than the cGMP accumulation triggered by SNAP, even in the presence of 100 μM IBMX. * indicates P < 0.05; ** indicates P < 0.01. within the same subcellular compartments. Although the composition of these compartments is not known, recent studies provided evidence indicating that native olfactory CNG channels and heterologously expressed CNGA2 subunits associate with lipid rafts, but not preferentially with caveolae (Brady et al., 2004 ). In addition, earlier studies suggest that the particulate guanylyl cyclase NPRB localizes to caveolar membranes (Doyle et al., 1997) , and that ANP can be found in the caveolae of atrial myocytes (Page et al., 1994) . There is also evidence in freshly dissected aortic rings from rats that indicates sGC localizes to caveolae (Linder et al., 2005) . Several lines of evidence also suggest that elements of G protein signaling pathways, including adenylyl cyclase, are associated with lipid rafts, and that localization of these proteins within the plasma membrane is critical for cellular signaling (Huang et al., 1997; Ostrom et al., 2002; Smith et al., 2002) . Based upon these studies it is interesting to speculate that lipid rafts help to form discrete subcellular signaling compartments within cells. However, much work is needed to determine if both CNG channels and particulate guanylyl cyclase traffi c to the same lipid raft microdomains.
A major challenge in cell biology is understanding how diffusible messengers trigger specifi c downstream effects. In the absence of mechanisms that slow apparent diffusion rates, both cAMP and cGMP would spread across typical cells in less than a second and compartmentalization could not occur over tens of seconds or minutes (Rich et al., 2000) . However, in the last thirty years several groups have observed that increases in cyclic nucleotide concentration do not trigger regulation of all cyclic nucleotide-dependent processes within cells. For example, agents that activate β-adrenergic receptors trigger cAMP-dependent regulation of the contractile machinery in cardiac myocytes, whereas other agents that trigger similar increases in total cAMP levels do not (Brunton et al., 1981; Vila Petroff et al., 2001) . Similarly, recent studies have demonstrated that cGMP produced by particulate guanylyl cyclase preferentially regulates plasma membrane-localized targets such as ion channels and pumps, in what is likely a PKG-dependent manner (Zolle et al., 2000; Rho et al., 2002; Zhang et al., 2005a) . Our results substantiate the hypothesis that cGMP signaling is compartmentalized in cells, and further suggest that PDE activity alone may not be responsible for the segregation of cGMP signals. An understanding of the mechanisms underlying cGMP compartmentalization is essential because cGMP signaling plays critical roles in both physiological and disease processes. For example, it is unclear why heart failure patients display blunted forearm vasodilation in response to natriuretic peptides, but not in response to NO donors such as nitroprusside (Nakamura et al., 1998) . The use of CNG channel-based sensors (Trivedi and Kramer, 1998; Rich et al., 2000 Rich et al., , 2001a Trivedi and Kramer, 2002) and recently developed fl uorescent sensors (Honda et al., 2001; Mongillo et al., 2004; Ponsioen et al., 2004) , in conjunction with ultrastructural, biochemical, and pharmacological approaches, will help to unravel the mechanisms responsible for spatially segregated intracellular signals.
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